Abstract-As renewable generation has become less expensive during recent decades, and it becomes more accepted by the global population, the focus on renewable generation has expanded to include new types with promising future applications, such as river and tidal generation.
I. INTRODUCTION
HIS work is based on a hydrokinetic power generating system for river and tidal generators. The analysis is based on a tentative tidal generator with the power rating of 40 kW, although the same generator can be operated as a river generator. From the resource perspective, tidal generation is dependent on the resource availability; thus, the resource must be identified by preliminary assessment and survey [1] . One difference between a tidal generator and a river generator is the water flow driving each turbine. In river generation, the water flows in one direction and is more or less constant. In tidal generation, the water flows in two directions: during the flood, the water flows from the ocean toward the land or river; during the ebb, the water flows back toward the ocean. There are various ways to harness tidal generation, either from a single turbine [2] [3] , a combination of wind generators and tidal generators [4] , or in a multiple-turbine or tidal power plant environment [5] . Each site has its own characteristics; thus, control and optimization may be unique for different installations [6] [7] [8] .
In 2014, renewable energy expanded significantly in terms of capacity installed and energy produced, with renewable energy investments in the power sector outpacing net investments in fossil-fueled power plants. The most rapid growth and the largest increase in renewable capacity occurred in the power sector and was dominated by three technologies: wind, solar photovoltaic (PV), and hydropower. This paper describes the electrical power conversion aspects of river and tidal generation. Although modern power converter control is available to control the generation side, we choose the design on the basis of minimizing the capital expenditures and operations and maintenance expenditures; thus, the architecture is relatively simple and modular for ease of replacement and maintenance. The power conversion is simplified by considering a simple diode bridge and a DC-DC power converter to take advantage of abundant and low-cost PV inverters that have well-proven grid integration characteristics (i.e., the capability to produce energy with good power quality and control real power and voltage at the grid side). A typical tidal generator can be mounted on the bottom of an estuary, and its shape and structure are similar to that of the wind turbine generator as shown in the Figure 1 . The Savonius turbine type is also used as the river and tidal generators. It may be placed vertically or horizontally depending on the characteristics of the resource and the site. This paper is arranged as follows. Section II discusses the electrical power conversion. The permanent magnet generator is presented in Section III, followed by the power converters in Section IV. Finally, Section V presents the conclusion and summary.
II. SYSTEM-LEVEL DESCRIPTION
The electrical power conversion in tidal generation is very similar to the generating system of wind power generation. It consists of major components: a rectifier (variable AC to DC converter) and an inverter (DC to AC 60-Hz converter). Depending on the generator type, the rectifier can be a passive rectifier [9] or an active rectifier [10] . For this discussion, we assume that the system described in this paper is based on a passive rectifier. Thus, a DC-DC converter is used to match and maintain the DC bus voltage constant. With an active rectifier, it is possible to control the DC bus voltage by utilizing the active rectifier alone. This section presents the electrical power conversion. The maximum power point tracker (MPPT) is similar to the one used in wind power generation, however, the implementation is determined by the shape of the performance coefficient (Cp) characteristic (Cp versus tip-speed-ratio). Detail discussion can be found in [11] .
A river and tidal generator using a permanent magnet synchronous generator (PMSG) is investigated. A PMSG has the advantage of higher efficiency and reliability. Because of its lack of a field winding and the nature of variable generation, the PMSG is typically controlled by a series of power converters to produce power for the grid. As shown in Figure 2 , the major conversion processes are as follows:
Hydrodynamic power is converted into electrical power (tidal turbine and PMSG). The variable AC (three-phase) output of the PMSG is converted into variable DC voltage (three-phase diode bridge) via a long submarine cable. The variable DC output voltage of the diode bridge is connected to a DC-DC boost converter. The output of the DC-DC boost converter is a constant DC bus. The constant DC bus voltage is converted into three-phase AC at 60 Hz (the inverter is controlled to optimize tidal generation).
The simplified electrical system is illustrated in Figure 3 . 
III. PERMANENT MAGNET SYNCHRONOUS GENERATOR
The PMSG is very popular in variable generation applications. Many of these applications are based on directdrive generators that use rare-earth permanent magnets (PM). The advantage of rare-earth PMs is that the residual flux density is very high, commonly B = 1.4 Tesla or higher. In comparison, the commonly used PM in the past has been the ferrite magnet, which has a low flux density, B = 0.4 Tesla or lower.
A high flux density magnet is very important because, for the same power rating and rotational speeds, the higher the flux density, the smaller and lighter the generator will be. It is assumed that the PM generator used is surface mounted. The equivalent circuit of a PM generator is shown in Figure 4 .
A. PMSG Connected to a Constant DC Bus via a Rectifier
In this section, the PMSG is connected to a constant DC bus voltage via a three-phase rectifier. The simplified version of a surface-mounted PMSG is used.
1) Operation at Constant Frequency
Consider a constant frequency application, wherein the PMSG is operated at constant rotational speed. In this case, the output voltage, E, is constant because both the magnetic flux and the rotational speed are constant. Because the flux and the frequency (rotational speed) are constant, for a given size of synchronous inductance, L s , only one output current (I s ') and one output power (P s ') are associated with this operation (single-point operation). However, if the size of the synchronous inductance is 50% of the original, the resulting current (I s ") and output power (P s ") will be twice the original.
In this case, the constant k is a voltage constant determined by the flux density, and the number of turns, and the geometry of the generator. The voltage equation can be expressed as V aDC = AC equivalent of per-phase terminal voltage V DC = DC voltage output of the three-phase rectifier (The rectifier is connected to the terminal of the generator). E ph = per-phase internal emf I s = stator current L s = stator inductance = rotational speed in radian/s Because the terminal output of the generator is connected to a three-phase rectifier, the per-phase terminal voltage and the stator current are in phase. At this point, assume that the terminal voltage is connected to a rectifier and that the output of the rectifier is a constant DC bus voltage. Thus, the AC equivalent of the terminal voltage is clamped to this DC bus voltage.
The per-phase output power can be expressed as Referring to the phasor diagram in Figure 4 , the V aDC can be replaced by E ph cos ( . By substitution, the output power can also be expressed as
The power angle, , is the angle between the per-phase internal emf voltage, E ph , and the per-phase terminal voltage, V aDC . It can be computed as For operation at a constant frequency, a synchronous generator is connected to a fixed-voltage DC bus via a three-phase rectifier; it has a peak value at = 45°. This is different from a conventional synchronous generator, which has a peak value at = 90°. In Figure 5 , as predicted by equation 6, the operation at a lower frequency will have a lower peak value proportional to the frequency. Referring to Figure 5 and the phasor diagram given in Figure 4 , we can say that as we increase the current, I s , the voltage drop, X s I s , increases, and the voltage V aDC decreases. However, because the power is defined by both the current, I s , and the voltage, V aDC , eventually, the product of the two reaches a peak value where an additional increase of I s no longer brings the output power up because of the decrease of the voltage, V aDC , and passing this point, another increase of I s will reduce the output power. This point is reached when the power angle, is at 45° for the configuration we analyzed.
2) Operation in Variable Frequency
Consider a variable-frequency application, wherein the PMSG is operated at variable speed. In this case, the internal emf voltage, E ph , varies with rotational speed because the magnetic flux of the permanent magnet is constant and the rotational speed varies. For PMSG operation, the frequency output is proportional to the operating speed by the following equation:
From the voltage equations, it is clear that as the rotational speed, increases, and the E ph increases while V aDC is constant. As a result, when E ph > V aDC , the generator starts to generate. The output current, I s ; the output power, P gen ; and the power angle, also increase. Figure 6 ). Note that the blue dashed-dotted line illustrates a condition when the generator used can generate only 80% or the internal voltage. In this situation, the generator can never generate power, even at rated rotational speed.
The corresponding output power is given in Figure 7 . The rotational speed is obtained by operating the synchronous generator by varying the rotational speed (variable frequency) with a constant DC bus voltage. As shown, the output power cannot be shaped; it is based on the parameters of the PMSG and the DC bus voltage to which it is connected. 
3) Operation in Variable DC Bus Voltage
As shown in Figure 8 , operating at constant frequency and constant DC bus voltage will yield a single point of operation; and operating at variable speed will yield a set of points of operation, but the output power cannot be shaped as a function of the rotational speed. One more variable that can be used to shape the power-speed characteristic is to control the effective DC bus voltage connected to the output of the rectifier as the rotational speed varies. The operation at variable speed and variable DC bus voltage is illustrated in Figure 9 . It is shown that the power-speed characteristic of the PMSG connected to a rectifier can be shaped by controlling the DC bus as the rotational speed changes. Thus, in this case, the DC bus voltage is controlled to follow the cube function of the rotational speed (the dotted line). To operate along the dotted line, the DC bus voltage can be controlled accordingly. For example, to operate at Point A, the DC bus voltage is at 60% of its original value. As the rotational speed increases, the operating point moves to Point B, and the DC bus voltage is at 80%. At Point C, the DC bus voltage is at 100%.
IV. POWER CONVERTERS
In this type of generation, the output of the PMSG driven by the water turbine generates variable frequency proportional to the rotational speed of the turbine, and the process of converting the output power of the PMSG requires a set of power converters necessary to transmit the power into the power grid.
1) AC-DC Rectifier
The first set of power converters is the AC-DC rectifier, which can be an active power rectifier or a passive diode bridge. Because the PMSG used is connected to the water turbine, the operating speed varies with the water flow. The internal emf voltage, Eph, and the output voltage magnitude and frequency are proportional to the operating rotational speed. With an active rectifier, the output of the PMSG can be directly converted into a constant DC bus voltage. With a passive diode bridge, as shown in Figure 10 , the output DC voltage is proportional to the rotational speed if the generator. The following equations can be used to describe the relationship between the PMSG output and the output on the DC bus voltage:
2) DC-DC Converter
The output of the diode rectifier is a variable DC bus voltage; thus, before it is connected to a DC-AC inverter, the DC bus voltage needs to be matched to the required DC bus voltage of the inverter. A DC-DC converter is used to match the DC bus requirement.
To match the variable voltage output of the generator and to shape the power-speed characteristic, a DC-DC boost converter is used (see Figure 11 ). The corresponding controller is shown in Figure 12 . The boost converter is controlled to adjust the voltage output of the diode bridge to a constant DC bus voltage as the rotational speed of the PMSG varies.
The operation of the boost converter is governed by the power electronics switch, SWboost. The power electronics switch is turned on and off many cycles per second (e.g., switch frequency, f s = 1,000 Hz). The time it takes to complete one cycle is called the switching period, T s = 1/f s (e.g., T s = 1s). The Figure 13 shows the output power as a function of the duty ratio when the rotational speed is kept constant. This is similar to the graph shown in Figure 5 , except that the output power is plotted against the power angle. Note that the peak power, which corresponds to the power angle of 45°, will be different at different rotational speeds. For example, at = 100%, the peak power occurs at duty ratio d = 0.48; whereas at = 80%, the peak power occurs at the duty ratio d =0.62. Note that for the same range of duty ratio, the output power at the rated rotational speed = 100% is higher than the available output power for = 80%.
3) DC-AC Inverter
In Figure 14 , the DC-AC inverter interfaces the tidal generator to the grid. The real and reactive power is controlled independently and instantaneously. The DC-AC inverter in general is controlled to provide the interaction between the tidal generator and the grid in particular to provide ride-through capability (e.g., low-voltage ride-through, high-voltage ridethrough, or fault ride-through in general) and to ensure high power quality output on the grid side. The controller must be tuned to follow the applicable local or regional grid code at the point of interconnection. In the future, it is likely that the tidal generator may be required to provide ancillary services to the grid (frequency response-e.g., droop control, inertial response, and voltage/reactive power control). 
B. Maximum Power Point Tracking
Many references can be found describing the method of achieving maximum power point tracking (MPPT) [9] [10] . MPPT operation is an important aspect of renewable energy generation because renewable energy resources vary with time, and MPPT enables the generator to harvest the maximum amount of energy from the varying resource. MPPT has been implemented in wind generation, PV generation, and other generation systems. Several methods implemented in PV and wind generation include perturb-and-observe, hill-climbing, and passive MPPT.
V. SUMMARY AND CONCLUSION
This paper presented the basic operation of river and tidal generation. The similarities of the generation system to those of the wind turbine system make it possible to start the analysis by using the basic equations used to describe wind power generation. The data analysis and calculations are given per unit when possible to make the analysis as generic as possible and accomplish two major goals: to transport the control system to different power ratings and to make the analysis agnostic to different manufacturers; thus, no proprietary information is revealed.
We proposed using a DC-DC boost converter to interface between the generator-diode and DC-AC inverter. The generator is located underwater and connected via a submarine cable carrying variable AC from the generator (at 13 Hz, VLL = 270 V) A diode bridge (AC capacitor compensation 900 kVAR) is located onshore and connected to the submarine cable to rectify the variable AC from the RivGen generator. The diode bridge output is 365 V A DC-DC boost converter with L = 10 mH and a DC capacitor at C = 1,500 uF and a switching frequency of 2 kHz are used to maintain the DC bus voltage at 800 V (at 13 Hz, converting the 365 VDC diode bridge output into 800 V input to the DC-AC inverter). A DC-AC inverter at a switching frequency of 1.9 kHz is controlled as the MPPT of the RivGen while converting 800 V into 480 V at 60 Hz into the grid.
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